Cipollone
(1897) first noted that two or more encapsulated sensory regions occur along the length of the intrafusal bundle in frog skeletal muscle. Similar arrangements have been evident from the reports of Baum (1899) and Barker (1948) on mammals, and termed 'tandem ' by Cooper and Daniel (1956) . Vihvelin (1932) and Jahn (1959) , in their studies of this arrangement in the amphibian muscle spindles, concluded that they consisted of bundles of single spindles lying side by side. Muscle-fiber continuity between capsules also occurs in the spindle systems which Gray (1957) has described as extending throughout the length of the frog's fourth toe extensor muscle. . Barker (1962) stated that G r a y's (1957) definition of a frog spindle system refers to the same arrangement as that described by Cooper and Daniel (1956) as tandem in mammalian spindles.
In the frog's toe muscle, Barker and Cope (1962) have verified that the arrangement is more complex than this far a system which consists of two or four tandem spindles, and sometimes one or two single spindles, lying together in parallel to form a bundle of spindle units. This is termed compound spindle I t o and 0 y a m a (1968) found that many tandem muscle spindles and compound spindles were included in the ventral part of the frog's semitendinosus muscle, and that such types of spindle receptors may be provided to respond sensitively to minute changes of the muscle length.
They have argued that such high sensitivity may be due to a number of nonmyelinated ramifications of the sensory nerve endings and also to large numbers of intrafusal muscle fibers in comparison with the single type spindles in the sartorius muscle. The results of this investigation are now presented to verify in detail those assumptions.
Materials and Methods
The present experiment was performed mainly on semitendinosus muscles in frogs (Rana nigromaculata) weighing about 40 g. The semitendinosus muscle consists of dorsal and ventral parts which are fused with each other at the tendon in the pelvic end of the muscle. The two parts were divided by cutting the fused tendon, and excised individually with the sciatic nerve branch. The excised muscles were placed at in situ length on a wax plate and fixed in fresh 1% formalin solution in order to study capsular structure under conditions of minimum shrinkage. After hardening, the muscles were washed in running water, dehydrated, and embedded in paraffin. Serial transverse sections were cut at 10 and stained with haematoxylin and eosin. The sensory innervation of spindles in the sartorius and semitendinosus muscles was examined in several muscles using methylene blue and osmic acid.
In a rough study on the arrangement of capsules along intrafusal muscle bundles, the raw muscle was sandwiched and gently pressed between two glass plates without fixing or staining. KOhler illumination enabled a satisfactory discrimination of the course of the myelinated sensory nerve terminals and of the intrafusal muscle fibers in the capsule under microscopic observation at magnifications from 40 to 200 times, as has been described by I t o, Toyama and Ito (1964) .
In a detailed study of tandem and compound spindles, sketches were made of every twentieth 10 a section in a serial transverse series and converted into projection-plans in which the individual intrafusal muscle bundles and their capsules were arranged schematically in a horizontal plane with reference to the rough study mentioned above, in accordance with Barker and Cope (1962) . The diameters of intrafusal muscle fibers were measured in paraffin, and recorded as the average of their maximum and minimum widths.
Results

Sensory innervation.
A single type of muscle spindle was observable mostly in the dorsal part of the semitendinosus muscle and rarely in the ventral. When the single type spindles were found in the ventral part, almost all of them were in association with a compound spindle.
Only one capsule (60-100 p diameter, 400-600 p length) appeared on a bundle of intrafusal muscle fibers. The bundle consists of three or less fibers of in which the parent axon made two sensory regions in a capsule.
Number of intrafusal muscle fibers.
Text- fig. 2 represents the histogram of the number of intrafusal muscle fibers in individual bundles of the ventral part of the semitendinosus (blank) and sartorius muscles (black).
Data are based on total number of fibers from 5 muscles in each kind of measurement in 100 slices per muscle which were chosen at intervals of 150 p in the muscle belly, and are plotted as percent of total bundles. In sartorius muscles, fiber counts ranged from 1 to 4, 1 and 2 fibers being the most common distribution.
Plate- fig. 6 shows a transection of a capsular region of a single type spindle in the sartorius muscle in which the bundle consists of a single intrafusal muscle fiber. Plate- fig. 7 shows a bundle consisting of three intrafusal muscle fibers in the capsular region of a single type spindle in the dorsal part of the semitendinosus muscle. In contrast, a wide range from 1 to 8 fibers was observed in Text- fig. 2 . Histogram of the number of intrafusal muscle fibers in individual bundles of the ventral part of the semitendinosus (blank) and sartorius muscles (black).
Abscissa, the number of fibers in individual bundles ; ordinate , percent of total bundles to total number of fibers obtained from 5 muscles in each kind of measurement in 100 slices per muscle which were chosen at intervals of 150 ,u in the muscle belly. fig. 3 . Histogram of the number of intrafusal muscle fibers in individual bundles of the ventral part, in which the number of the fibers in all bundles in a compound spindle was summed (blank), and of the dorsal part (black) of the semitendinosus muscle. Abscissa, the number of fibers in individual bundles ; ordinate, percent of total bundles to total number of fibers obtained from 5 muscles in each kind of measurement in 100 slices per muscle which were chosen at intervals of 150 p in the muscle belly. three or four intrafusal fibers. 1962) have demonstrated in the frog's fourth toe extensor muscle that the spindle systems are more complex than either of the conditions described by Gray (1957) and Cooper & Daniel (1956) in that they consist of a number of tandem, and sometimes single spindles lying close together in parallel.
Since a number of tandem spindle units is always present, they have suggested the term ' compound tandem spindle ' as an alternative, following Sherrington (1894) who designated a similar parallel arrangement of two or three single mammalian spindles as a 'corn-8 Fumio Ito and Shigeko Nagai pound muscle-spindle The present study shows that the ventral part of the frog's semitendinosus muscle also involves many kinds of parallel arrangements of spindles as compound tandem spindles and that the dorsal part involves only single type spindles.
In speculating upon the functional significance of the tandem spindles, Swett and Eldred (1960) have pointed out that the distance over which changes in extrafusal length can affect the sensory endings involved is greatly increased in tandem spindles, and suggest that this may serve to collect information of a more generalized nature than provided by shorter single type spindles. Thus Barker and Cope (1962) have presumed that this type of sensory information is of importance in a muscle such as the frog's fourth toe extensor, which alternates between maximum contraction and relaxation in the process of jumping, and may thus account for the presence of the compound spindles.
In this connection, they have noted that the single type spindles in this muscle also typically extend through most of its length, and also that compound spindles appear to be absent from the sartorius and pectoral cutaneous muscles.
The present study demonstrates that the compound tandem spindles and the single type spindles were distributed separately in the ventral and the dorsal parts of the semitendinosus muscle respectively.
Since both parts were of equal length, the functional significance of the tandem spindles may not be explained by the length change.
It is more interesting that the tandem spindle consists of three to eight intrafusal muscle fibers while the single type spindle consists usually of two or less fibers. The difference in the number of intrafusal muscle fibers may cause some differences of visco-elastic properties.
Large numbers of intrafusal muscle fibers may result in enhancement of the viscosity in the polar regions along their fibers and in relative decrement of viscosity in the sensory regions, because the contractile elements which may cause the viscosity have been assumed to be fewer or absent in the sensory regions (K a t z, 1961 ; K a r 1 s son et al., 1966) . If those intrafusal muscle fibers in a bundle are combined with each other, the sensory region may be more extended during stretch of the muscle when a large number of intrafusal fibers are present than when few intrafusal fibers are found.
The functional properties presumed from this morphological hypothesis coincide well with the properties of tandem spindles during muscle stretch studied by I t o and 0 yam a (1968). Summary 1. Tandem type and compound spindles were found in the ventral part of the frog's semitendinosus muscle, while single type spindles were exclusively involved in the dorsal part.
2. The single type spindle has one capsule along a bundle consisting of one to four (usually one or two) intrafusal muscle fibers, similar to spindles in the sartorius muscle.
3. The tandem type spindle was characterized by two or three capsules which were arranged side by side along a bundle of three to eight intrafusal muscle fibers. The tandem type spindle was often associated with single type spindle or sometimes with the other tandem type spindles which were arranged in parallel, and formed a compound spindle.
4. A simple sensory innervation was observed in the single type spindles in which a parent axon bifurcated after entrance to the capsule and each branch is often subdivided into two short myelinated branches.
5. In the tandem type or compound spindles, a parent axon is divided into two or rarely three branches before entrance to the capsules and innervates two or three capsules which are arranged in series (tandem type) or in parallel (compound spindle).
6. It was supposed that there are 7 tandem or compound spindles in the ventral part of the semitendinosus muscle, 5 single type spindles in the dorsal part and 6 single type spindles in the sartorius muscle in the mean. in parallel along discrete bundles of the intrafusal muscle fibers (Im) are innervated by branches divided at a node (N) from a parent axon. Fig. 3 . A tandem muscle spindle in which a parent axon split into three branches at nodes (Ni and N2) and formed three sensory regions in two capsules along a bundle of intrafusal muscle fibers (Im). Fig. 4 . A muscle spindle defined as a variation of the tandem type. Two myelinated branches divided at a node (Ni) from a parent axon were subdivided into three branches at node (N2) in a capsule (C) and formed a sensory region along a bundle of 6 intrafusal muscle fibers. Note ball-like swellings (B) at the last myelinated branches. 
